We consider an optical nonlinear interferometric setup based on Young's double-slit configuration where a nonlinear material is placed exactly after one of the two slits. We examine the effects of Kerr nonlinearity and multi-photon absorption in the resulting interference pattern. The presence of nonlinearity breaks the transverse spatial symmetry of the system, resulting to a modified intensity pattern at the observation plane as a function of the incident intensity. Our theoretical model, based on the modification of the optical path due to the presence of nonlinearity, is surprisingly accurate in predicting the intensity profile of the main lobes for a wide range of parameters. We discuss about potential applications of our model in nonlinear interferometry. Specifically, we show that it is possible to measure both the multi-photon and the Kerr coefficients of a nonlinear material based on the spatial translation of the interference pattern as a function of the incident intensity.
I. INTRODUCTION
The double-slit experiment is perhaps one of the most fundamental in quantum mechanics illustrating the waveparticle duality of a quantum wavepacket [1] . The setup was originally introduced by Young to demonstrate the classical wave nature of light [2] . Experiments were originally carried out with photons [3] until 1961 when the first experiment was performed using electrons [4] . Since then several experiments have studied different aspects of electron double-slit diffraction [5] [6] [7] [8] as well as the diffraction of heavier molecules [9] [10] [11] and Bose-Einstein condensates [12] . Experiments have also considered moving slits in connection to the Einstein-Bohr gedanken experiment [13, 14] as well as temporal interference of pulses [15] .
Nonlinear extensions of the double-slit configuration have been considered in optics, in the case of selffocusing [16] as well as self-defocusing nonlinearities [17] . In these works a double-slit aperture is placed in front of the medium, and the nonlinear dynamics are recorded at the observation plane. The double-slit experiment has also been investigated in terms of nonlinear Raman micorscopy [18] . In a recent work, we have shown that by introducing a Kerr nonlinear optical material having the form of a thin slab, results to a controllable shift of the intensity pattern at the observation plane [19] . The main difference from the previous works [16, 17] is that the nonlinear material is located in front of one of the two slits thus breaking the parity symmetry of the problem in the transverse plane.
In this paper, we consider a double slit configuration similar to that discussed in [19] , where, in addition to the Kerr effect, we take into account losses due to multiphoton absorption and the difference in the refractive index of the material. In the proposed system the left slit covered by the nonlinear material is having the form of a * Corresponding author: nefrem@uoc.gr relatively thin slab. The parity symmetry breaking in the transverse plane due to the presence of the slab material results to a modified intensity pattern at the output as a function of the incident intensity. We develop a simple theoretical model that takes into account these effects in terms of modifying the effective optical path, and then utilize diffraction theory to obtain an analytic expression of the field amplitude at the observation plane. Our theoretical model is in excellent comparison with our direct numerical simulations. We consider possible applications of our system in nonlinear interferometry, and in particular in measuring optical nonlinearities [20] . For such applications, we rely on measuring the spatial translation of the intensity maxima at the observation plane as a function of the incident beam intensity. We show that it is possible to measure both the Kerr nonlinearity as well as the multiphoton absorption coefficients of a given material.
II. MODELING OF THE NONLINEAR DOUBLE SLIT CONFIGURATION
Let us consider the double-slit configuration shown in Fig. 1 . A coherent monochromatic laser light source with intensity I 0 is normally incident at the aperture plane (z = 0). The two rectangular slits have dimensions w x × w y and their centers are separated by a distance w along the x-direction. A nonlinear slab having length L s in the z-direction is placed in front of the left slit and completely covers it. The nonlinear effects that are taken into account are the Kerr (cubic) nonlinearity as well as losses due to multiphoton absorption. Thus the complex refractive index dependence of the material is given by
where n 0 is the linear part of the refractive index, γ is the Kerr coefficient, I is the beam intensity, k 0 = ω/c is the free space wavenumber, ω is the optical frequency, c is the speed of light, and β (K) is the K-photon absorption coefficient. After the beams propagate through the air and the nonlinear material, the intensity pattern of their interference is recorded at the observation plane z = z f .
The paraxial equation that describes the beam propagation in the nonlinear slab and the air is given by
where ψ is the field amplitude,
y , k = n 0 ω/c = n 0 k 0 is the wavenumber inside the slab. When the beam(s) propagate in the air k = k 0 and the nonlinear terms are ignored in Eq. (2). At this point it is important to define the relevant length scales of the problem. To this end we introduce normalized coordinates: We scale the field to the square root of the input intensity ψ = I 1/2 0 Ψ. Furthermore, we measure distances in the transverse plane according to the aperture size along the x-direction (x 0 = w x ), X = x/x 0 , Y = y/x 0 and scale the propagation distance according to the diffraction (Rayleigh) length in free space Z = z/z 0 , i.e.,
Therefore Eq. (2) in normalized dimensionless form can be expressed as
(4) where the nonlinear, and the multi-phonon (loss) lengths are defined as
and Γ = sgn(γ). The length scales of the problem can be written in dimensionless form in terms of the diffraction length as
Finally, the observation plane (z = z f ) can be selected to be in the near (Fresnel) field or in the far field. Note that for propagation in the air the nonlinear terms in Eq. (4) are ignored and n 0 = 1.
We need to identify the relations between the relevant length scales of the problem. First of all, our theory relies on the condition that the slab length is much smaller than the diffraction length L S ≪ L D . This warranties that inside the slab diffraction is not going to play an important role. The above inequality becomes stronger by noting that L D is the diffraction length in free space, whereas inside the material its value increases to n 0 L D . Furthermore, the distance of the observation plane z f (assuming that the slit separation is at most a few times larger than the aperture) should be larger or of the same order as the diffraction length, so that we are able to observe interference effects. More precisely, the contrast of the interference fringes (and thus the clarity of the results) increases as z f increases. We rely on nonlinear phase shift accumulation in order to observe changes in the interference pattern, as a function of the incident intensity. As the intensity increases the length scales L N L , and L
(K)
MP become smaller. In order to avoid strong nonlinear focusing as well as nonlinear instabilities it is important that the nonlinear length is, at minimum, of the same order as the slab length L N L L S . However, additional contributions from the multiphoton absorption can play an important role in suppressing such detrimental nonlinear effects provided that
Notice that there are two nonlinear length scales, L N L and L
MP , both of which are functions of the intensity with different exponents (except in the case of two photon absorption). In this respect it is important to identify a reference value of the nonlinear length
MP is constant and equal to the twophoton case. This can be done by defining
where σ (2) is this constant ratio at the reference value. The above definition is particularly useful for comparing results with different multiphoton exponents. An additional effect that is not taken into account is that of linear losses. The reason that we choose not to include linear losses is because it adds complexity to our system (and to the resultant formulas presented below) but is only going to modify the results quantitatively and not qualitatively. However, and for the sake of completeness, analytical expressions in the case of linear losses are presented in the Appendix.
III. ASYMPTOTICS
Assuming that the two apertures are equally and evenly illuminated leads to the following initial condition
or, in normalized coordinates,
Due to reflections, the intensity transmitted from the air to the slab and subsequently from the slab to the air can be computed by utilizing the Fresnel formulas. However, for simplicity of our results, we consider that the transmission is perfect -a condition that can be fulfilled with antireflective coatings. Assuming that diffraction is not significant inside the slab (L S ≪ L D ), we can find a simplified expression for the dynamics of the field that passes through the slab. This is done by directly solving Eq. (4) with constant amplitude as initial condition in the two-dimensional transverse plane. The reduced system of two ordinary differential equations can be directly integrated for the amplitude and the phase. Specifically, due to multi-photon absorption the intensity at the end of the slab z = L S reduces to
The expression for the nonlinear phase accumulation at z = L S depends on the exponent K. Specifically for two photon absorption we have
Actually, as expected, by taking the limit K → 2 in Eq. (9) we obtain Eq. (8) . Due to the higher refractive index inside the slab the left arm will accumulate a constant additional phase φ L = (n 0 − 1)k 0 L S . This phase is not important and thus in all our simulations we select the parameters involved so that φ L is a multiple of 2π. An additional outcome of the higher index inside the slab is that it reduces the amount of diffraction. At this point, we need to utilize the assumptions that (i) we are working in the paraxial regime and (ii) the slab length is much smaller than the diffraction length. Our main outcome is that the effects of the presence of nonlinearity inside the slab [as described by Eqs. (7)- (9)] can be incorporated to the initial condition as
We then assume that both arms of the beam effectively propagate in the air for z = z f . Utilizing the Fresnel diffraction integral we obtain
where
the function F (t) is the following sum of the Fresnel integrals
and
The limiting case of 1D diffraction is obtained from the above equations by taking the limit w y → ∞ resulting to I(y, 0, w y ) → 1. In the following simulations we are working exactly in this limit (w y → ∞) that reduces the effective dimensionality of the problem. The case of a two-dimensional square configuration in the case of Kerr nonlinearity was considered in [19] .
IV. NUMERICAL RESULTS
In all our simulations we assume that the slit separation is w = 4w x . In Fig. 2 we illuminate only the left slit and measure the ratio of the total power at the output of the slab normalized to the incident power as a function of
The fraction of the transmitted to the incident power (Pout/Pin) as a function of the relative incident amplitude α for a single slit configuration with a nonlinear slab placed in from of the slit. In the left and right columns the medium is self-focusing and self-defocusing, respectively. As indicated by the insets the two curves correspond to the two-photon absorption (diamonds) and the three-photon absorption (circles). In all cases LNL,R = 0.025LD and σ (2) = 1.
a parameter that is proportional to the incident beam amplitude (we can refer to this parameter as the relative incident amplitude). Any deviations between numerical and predicted values should be attributed mainly to the effect of nonlinear diffraction inside the material which modifies the intensity pattern during propagation. As we can see in Fig. 2 for both self-focusing and self-defocusing nonlinearity, and in both the cases of two-photon and three-photon absorption the comparison between theoretical and numerical results is excellent. Note that this result is somehow surprising: Although the slab length in our simulations is 1/40th of the diffraction length, diffraction effects are significant inside the slab. This is mainly due to the abrupt intensity changes of the initial condition arising from the presence of the aperture. At the output of the sample the intensity pattern does not resemble a constant function. In addition, nonlinear effects can further modify the intensity pattern at the output of the slab. In our theoretical model the fraction of the transmitted over the incident power is equal to the fraction of the transmitted over the incident intensity (P out /P in = I out /I in ). However, in the numerical simulations the intensity at the output is not constant in the transverse plane and thus is integrated to obtain the total power. It is important to note that from Eq. (7) the predicted value of the intensity at the output of the slab depends only on the multiphoton absorption coefficient l
MP (and thus is independent from the nonlinear length l N L as well as the sign of the nonlinearity). In the numerical results, we observe that the total power at the output is slightly higher in the self-defocusing case for large values of the incident amplitude. This happens mainly because the maximum amplitude of a modulated wave under the action of self-defocusing nonlinearity has the tendency to decrease as it propagates. Thus the amount of losses it experiences is less than those expected if the nonlinearity is self-focusing where the maximum ampli- tude has the tendency to increase.
Typical interference patterns at z = 3L D are presented in Fig. 3 for both the cases of self-focusing and selfdefocusing nonlinearity. The comparison between the numerical results (dashed curves) with the theoretical predictions (solid curves) is excellent. As we can observe, by increasing the incident beam intensity the interference pattern shifts to the left (for self-focusing nonlinearity) or to the right (for self-defocusing nonlinearity). In addition, due to the presence of multi-photon absorption, the amount of intensity transmitted from the left slit is reduced. Thus for increased values of the incident beam intensity the overall envelope shifts to the right and resembles the single slit intensity pattern. In Fig. 4 typical examples of the diffraction dynamics are shown in the case of two-photon absorption for self-focusing (left) and self-defocusing (right) nonlinearity. We would like to point out that the intensity patterns for the two opposite signs of the Kerr effect are noticeably different. We observe that due to the presence of losses, the amount of power transmitted from the left slit is reduced, as compared to the right slit. As a result the envelope of the interference pattern is shifted towards the right. We note that, even at smaller distances (at z = L D ) the comparison between theoretical and numerical results is very precise.
We expect that the suggested configuration might be used in nonlinear interferometric measurements. Here we provide a specific example in measuring the nonlinear properties of materials. In particular, it is possible to measure the multi-photon absorption parameters of a medium by directly utilizing Eq. (7). We utilize the fact that this equation is independent from the Kerr nonlinear coefficient and depends only on the multiphoton losses inside the medium. A direct fit of the numerical (or theoretical) results to the experimental data at different incident intensities can be utilized to obtain the relevant parameters (K and L (K) MP in our case). Once the multiphoton coefficients are obtained, the next step is to measure the shift in the peaks of the intensity pattern at the observation plane and compare them with the theoretical or even the numerical results. For example, in Fig. 5 we depict the location of the strongest intensity peaks of the interference pattern for both self-focusing and self-defocusing nonlinearity, and for three different values of the two-photon absorption coefficient. Since, in the case of self-focusing (self-defocusing) nonlinearity the optical path of the left arm increases (decreases) as the intensity of light increases these peaks translate along the left (right) direction. Note that as the two-photon absorption coefficient increases the losses also increase and, as a result, the phase accumulation and the amount of spatial shifting of the intensity peaks decreases. The comparison of the numerical results with the theoretically predicted maxima is in very good agreement in all of the cases shown in Fig. 5 . The comparison is slightly less accurate when the nonlinearity is of the self-focusing type, the two-photon absorption coefficient is weak, and the incident beam intensity is strong. This is attributed to the stronger focusing effects that takes place inside the slab. As we can see, the fringes of the resulting interference pattern are more prominent (the contrast is higher) and regular when the observation plane is shifted to longer distances (compare the cases shown in Fig.-4 where the observation plane is set to z f = 3L D and z f = L D ). Thus, selecting a large enough value of the observation plane plays an important role in tracking the intensity maxima of the structure.
For implementation purposes it is interesting to present a specific example in physical units of the nonlinear double-slit configuration presented in this work. Although we use order of magnitude estimations for the material parameters, we have in mind the specific properties of AlGaAs [21] . Thus, we select a medium with refractive index n 0 = 2, a Kerr nonlinear coefficient γ = 10 −13 cm 2 /W, and a two-photon absorption coefficient β (2) = 1 cm/GW. From these values we obtain the material parameter σ MP = 2.42 mm. For the parameters described above the total power required for both slits is P = 413 kW. Note that the parameters presented here are not significantly different from those obtained in [19] in the absence of losses. This happens mainly because the two-photon absorption length is almost an order of magnitude larger that the nonlinear length.
V. CONCLUSIONS
We have analyzed a nonlinear interferometric setup based on Young's double-slit experiment where a nonlinear material is placed exactly in front of one of the two slits. We have examined the effects of Kerr nonlinearity and multi-photon absorption in the resulting interference pattern. The presence of the slab breaks the parity along the x-direction as a function of the incident intensity. We have developed a simple theoretical model, based on the modification of the optical path, that is surprisingly accurate in predicting the intensity profile of the main lobes for a wide range of parameters. We discuss about possible applications of our model in measuring the nonlinear properties (Kerr nonlinearity and multiphoton absorption) of different materials.
An important extension of this work is to consider the case where instead of a laser with continuous wave operation, pulsed laser profiles are used. Such as analysis can rely on averaging the dynamics over the whole pulse as for example in the case of the z-scan method [20, 22] .
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Appendix A: Linear losses
The theoretical model developed in the main text can be generalized even in the case of linear losses. The paraxial model still supports exact solutions, however, the resulting expressions become more complicated and less intuitive. Specifically, by including linear losses to Eq. (4) we have
where L L is the linear loss coefficient. Ignoring diffraction and decomposing the wave into constant amplitude and phase we obtain the following expressions for the intensity and the phase
at the output of the slab, where 2 F 1 is the Gauss hypergeometric function. The above formulas for I N L and φ N L can be substituted to (11) to obtain the predicted diffraction pattern.
[1] R. Feynman, The Feynman lectures on physics: Vol 3, Quantum Mechanics (Addison-Wesley Pub. Co, Reading, Mass, 1963). Chapter 1.
[2] T. Young, "Experimental demonstration of the general law of the interference of light," Philos. T. R. Soc. Lond. 94, 1 (1804).
